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Abstract
The early stages of a neutrino factory are critical to fulﬁll physics require-
ments in the ﬁnal muon storage ring. The transverse collection of pions be-
hind the target is therefore a crucial feature for which diﬀerent options exist.
In this article, two collection systems using either quadrupoles or a transition
solenoid between the target and the downstream channel are studied. The
transition optics from the solenoid to a quadrupole channel is also discussed.
Some ﬁgures of merit such as maximum transverse momentum captured or


















Motivated both by the neutrino physics community and by the muon colliders
collaborations, interest in a neutrino factory based on a muon storage ring has
greatly increased recently [1]. The eﬃciency of a neutrino factory is highly
dependent on the number of muons stored and therefore of the number of
pions from which decay the muons through the well-known reaction:
π± → µ±ν.
This makes the focusing system which collects the pions behind the target
one of the critical feature of the neutrino factory. This article focuses on
this part of a whole scheme and compares various possibilities for collecting
pions. It is therefore assumed that a given proton beam produced either
by a linac or a synchrotron is impinging on a given target. Some numbers,
such as production yields, may well depend considerably on the choice of the
proton beam energy and of the type of the target, however this paper aims
at deﬁning and comparing some ﬁgures of merit of collection systems, for
example the acceptance of the channel or the phase portrait of the beam.
2 Magnetized target
The common feature to solenoid and quadrupole capture is the use of a
magnetized target. Whatever the type of target, it is immersed in a high
solenoidal ﬁeld which provides an appreciable shrinking of the phase space








Figure 1: Phase space shrinking because of magnetized target
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The reduction of the physical dimensions of the pion beam is the result of
the particles spiraling in the solenoidal ﬁeld with a maximum radius half the
radius of the solenoid. While particles produced with a maximum angle of θ
outside any ﬁeld would reach a radius r1 = l tan θ after a typical target length
l of 12 cm, inside the solenoid they are kept within the limit of the radius
r2 of the solenoid. For the following working values of P⊥ = 240 MeV/c, a
longitudinal rapidity of one and a solenoid of 8 cm radius, the ratio r2/r1 is
0.5, i.e. the phase space is reduced by a factor one half.
Assuming that the particles are produced on the axis of the solenoid, the high









with P⊥max = eB0r/2 (1)
where r is the radius of the solenoid, P⊥ the transverse momentum, B0
the magnetic ﬁeld on the axis of the solenoid and e the particle charge. Since
we want P⊥max to be maximum, we will choose B0 maximum according
to technical limits. Since r is the physical radius of the initial pion beam
escaping the target, it is determined by the requirements or limits of the
downstream channel.
3 Initial focusing
Independently of the proton energy, the pion production integrated yields
exhibit the same maximum steady curve in the rapidity range from one (P‖ =
165 MeV/c) to two (P‖ = 500 MeV/c) on the longitudinal axis with a wide
range of momenta in the transverse plane. The aim of the capture is to
match the beam from the magnetized target to a realistic channel either
using quadrupoles or solenoid collecting within this range of momenta.
3.1 Interface conditions
As stated above, the phase space at the target has a butterﬂy shape which
is inscribed into an ellipse with the highest possible extension in transverse
momentum and a small radius. Since the particles are spiralling inside the
solenoid, the movement is coupled in both transverse planes and one has
to consider the 4D canonical phase space (x, px, y, py) where px and py are
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the canonical momenta. Indeed, at the end of the solenoid, the particules
cross a varying solenoidal ﬁeld and will therefore experience radial forces
that will change their azimuthal momenta, hence their transverse momenta.
However, the canonical momenta stay constant while crossing this end ﬁeld
[2]. Therefore, transforming the ellipses in the 4D canonical phase space
(x, px, y, py) into (x, x
′, y, y′) using x′ = P⊥x/P gives a symmetrical phase
portrait in both transverse planes.
These interface conditions are valid not only directly behind the target but
also along every solenoidal channel, one can choose to make the matching
from the solenoid to the quadrupoles at diﬀerent stages of the channel. We
here study the two extreme cases.
3.2 Direct quadrupole collection
One can choose to collect the pions right behind the magnetized target using
a standard quadrupoles channel. We are therefore in a phase space conﬁgu-
ration where the collected transverse momentum must be as high as possible
and the beam dimensions are small. In that case we are limited by the trans-
verse angular acceptance of the following quadrupoles and to avoid high ﬁelds
and large beams in these latter, we limit the transverse collection up to 50
MeV/c, that is to say a 20 T solenoid of radius 17 mm, according to equation
(1). For a rapidity equal to 1.5, the maximum angular acceptance is therefore
0.16 rad.



















Figure 2: Quadrupole collection channel with thin lenses followed by a FODO
cell and envelope tracking in the transverse horizontal direction at Ptot = 300
MeV/c.
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The beam is rotationally symmetrical in the transverse plane and the
studied optics is made of a doublet which brings the beam from a symmetri-
cal to an alternating conﬁguration, followed by a triplet. The doublet brings
the optical beta functions from a waist point to a crossover and the triplet
reduces the beta functions so as to match the beam into a regular FODO







is 2.8∗10−3 m.rad with P = 300 MeV/c. The ﬁeld gradient G in a quadrupole




, and we can therefore
draw the following list of parameters.
Quadrupoles Q1 Q2 Q3 Q4 Q5
l (m) 0.3 0.5 0.4 0.4 0.3
G (T/m) 3.7 2.2 2.2 1.5 2.9
B max (T) 0.6 1.0 0.8 0.5 0.3
Hence, as conﬁrmed by tracking (see ﬁgure 2), the beam radius for P =
300 MeV/c stays within the limit radius of 45 cm and the ﬁelds in the
quadrupoles being less than 1 T, they can be constructed with a standard
technology. Nevertheless, one main diﬃculty is the large energy spread of
the pions in the channel. Indeed, the optics design is made for the largest
real emittance corresponding to the smallest energy and for higher energies,
the emittance is reduced. However, this reduction of emittance does not
compensate the fact that the optics is unadapted for diﬀerent energies. As
regards optics adaptation, the larger the energy spread the worst; so, sim-
ulations show larger beams for higher momentum particles launched in this
channel. The standard way of correcting these chromatic eﬀects is to intro-
duce sextupoles and dispersion in the channel so that all particles see the
same focalization, independently of their momentum. A bending magnets
used to separate the proton beam from the pion beam at the very beginning
of the collection might create the needed dispersion. From this point of view,
a bending system could fulﬁll three roles: creating dispersion for sextupoles,
separating the beams and shielding the rest of the channel.
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3.3 Transition Solenoid
Because of the limitation in the maximum transverse momentum collected
with quadrupoles, one may think of using a transition solenoid between the
target and the downstream quadrupole channel. Diﬀerent systems may be
considered, however an adiabatic system made of a slowly decreasing mag-
netic ﬁeld over a few meters allows some larger radial and energy acceptances
[3]. The main advantage of this kind of solenoids is their ability to transform
a beam with large transverse momenta and small dimensions into a beam
with smaller transverse momenta and larger dimensions.This solution has
been retained by the american collaboration on muon colliders [4].
According to equation (1) and assuming a radius of 8 cm, a ﬁeld of 20
T and particle production on the axis, the maximum transverse momentum





is 0.14 m.rad. The maximum angular acceptance is deduced from sin θ =
P⊥max/P which gives θ = 0.96 rad for the lowest longitudinal momentum of
165 MeV/c, corresponding to a rapidity equal to one.








where B0 = 20 T is the ﬁeld around the target, P0 a central value of the scalar




conservation of the magnetic moment (5)
Br2 conservation of the magnetic ﬂux (6)
both resulting from the invariance of the action integral under adiabatic
changes [5]. These invariants allow to trace the transverse phase plane along
the solenoid. If a is the radius and Bs the ﬁeld of the solenoid at the end of
the adiabatic device, the radial acceptance and the transverse acceptance at
















where one can see the tranformation from large transverse momenta and
small dimensions (from P⊥0 = 240 MeV/c with r0 = 8 cm and B0 = 20 T)
to smaller transverse momenta and larger dimension a = 4r0 = 32 cm and
P⊥final = P⊥04 = 60 MeV/c with Bs = 1.25 T).
The Lagrangian equations written in the rotating Larmor frame can be in-
tegrated for this slowly varying magnetic ﬁeld [3] and provide the following
transport matrix for the position ξ and canonical momentum pξ, decoupled






































If R is the 4 by 4 rotation matrix of angle φ from the Larmor frame to a
Cartesian frame, the matrices productRMR−1 allows to track particles inside
the adiabatic device in the (x, px, y, py) frame and to plot the intersection of
the 4D-phase space volume with the plane (y = 0, py = 0) in the initial and
ﬁnal conﬁgurations as done in ﬁgure 3.


















Figure 3: Transverse phase space evolution through the adiabatic device in
one transverse plane from the input (target) to the output.
This new transverse phase space can be the beginning point for the tran-
sition to a quadrupole channel. The beta function is greater than before,
β = r2/ = 1.5 m with a physical emittance of  = 6.6 ∗ 10−2 m.rad. Again,
to match this optically symmetrical beam to an alternating gradient conﬁg-
uration, we use a doublet. However, since the emittance is huge because of
the large acceptance of the adiabatic device, the beta functions have to be
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kept low to avoid large beam radii. Two schemes are proposed (ﬁgure 4).
The ﬁrst scheme is designed to transport the beam (for instance along the



















Figure 4: Transverse horizontal and vertical beta functions. The ﬁrst scheme
is designed to simply transport the beam; The second one allows to use RF
in the channel.
drift between the two bunch rotations [6]). The initial doublet is followed
by a second doublet which brings the beta functions down to 1 m into the
FODO cells, each of total length .8 m. Here the maximum beam radius is
reached in the second quadrupole of the doublet and is .63 m for a pole tip
ﬁeld of 3.3 T which requires a superconducting device. In the FODO cells,
for quadrupoles of 20 cm length, the pole tip ﬁeld is 2.7 T for a maximum
beam radius in the quadrupoles of 27 cm with a spacing left between the
quadrupoles of the order of their length (20 cm).
The second solution drives the beta function to a higher value and there-
fore allows to use Collins insertions [7], which are a special kind of FODO
cells giving more spacing between the quadrupoles. This option is valid if
one needs room to put RF cavities between quadrupoles either to accelerate
pions or to make a bunch rotation. In that case, the cavities are free from
any magnetic ﬁeld between the quadrupoles, and superconductive devices
are then conceivable. The conterpart is a wide beam with maxima of 54 cm
radius in the quadrupoles and minima of 31 cm of radius in the middle of the
drift. Cavities must therefore be chosen to cope with a limited longitudinal
space of roughly 2.5 m and large acceptances. In the Collins insertions, the
quadrupoles are 20 cm long for a pole tip ﬁeld of 2.6 T, which requires super-
conducting magnets. The space left between quadrupoles is then more than
40 cm which doesn’t bring any fringe ﬁelds problems. At the end, the beta
functions are driven back to small values by a doublet, allowing for example
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the matching to standard but compact FODO cells.
Although the eﬀect of the large energy spread remain to be studied in
those channels, an interesting alternative to a long, big solenoid might emerge
from these two schemes. In both cases the space between the quadrupoles
should be larger than the inner diameter of the quadrupoles. The schemes
shown here are thus limited in acceptance.
4 Conclusion
We have compared the ﬁgures of merit of two possible scenarios for the
transverse collection of pions and seen that, in the ﬁrst few meters behind
the target, the variety of strategies requires to be carefully studied in order
to ﬁnd the optimum solution.
The magnetized target is undoubtedly an advantage since it reduces the
phase space emittance to be carried by the downstream channel.
The direct quadrupole collection remains attractive by its simplicity.
However the number of particles captured may not reach the high require-
ments of particle physicists for the ﬁnal storage ring, because of the limi-
tation in transverse momentum. This could be partly solved by increasing
the amount of particle in the transverse momentum range 0-50 MeV/c by
increasing the power on the target up to unprecedented ranges of power.
The wide energy spread inside the channel causes the optics to be clearly
inadapted for particule of diﬀerent momenta and gives rise to large beam
radii. Introducing dispersion and using sextupoles to correct this eﬀect and
to make a focalization identical for all particules is an option to be studied.
On the contrary, the capture using an adiabatic device in the few meters
seems promissing since all particules up to a transverse momentum of 240
MeV/c are carried away inside a decreasing magnetic ﬁeld. In that scheme,
the large transverse acceptance at the beginning is transformed into a large
radius beam at the end of the capture. Then, one option is to continue
the transport in a big solenoid until cooling and the reduction of transverse
dimensions. We have here studied an alternative to that proposal which
is the transition from the capture solenoid to a quadrupole channel. Two
schemes were presented: the ﬁrst one increases the beta function to give
room enough to use RF cavities outside of the magnetic ﬁeld (although with
large acceptance), while the other may be used to transport the beam over
a long drift with a compact FODO cell. In both cases, the beam is large,
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and so are the magnetic components. Transverse cooling is thus necessary
to reduce the excessive beam emittance [6, 8].
Either with the solenoid capture or with a quadrupole channel, the ques-
tion of separating the primary proton beam from the pion beam still need to
be addressed.
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